ters, and collocated cloud spectral imager data on the same spacecraft. The CERES cloud and radiative flux data products should prove extremely useful in advancing the understanding of cloud-radiation interactions, particularly cloud feedback effects on the earth's radiation balance. For this reason, the CERES data should be fundamental to our ability to understand, detect, and predict global climate change. CERES results should also be very useful for studying regional climate changes associated with deforestation, desertification, anthropogenic aerosols, and El Niño/Southern Oscillation events. This overview summarizes the Release 2 version of the planned CERES data products and data analysis algorithms. These algorithms are a prototype for the system that will produce the scientific data required for studying the role of clouds and radiation in the earth's climate system. This release will produce a data processing system designed to analyze the first CERES data, planned for launch on Tropical Rainfall Measuring Mission (TRMM) in November 1997, followed by the EOS morning (EOS-AM1) platform in 1998.
I. INTRODUCTION
T HE PURPOSE of this overview is to provide a brief summary of the Clouds and the Earth's Radiant Energy System (CERES) science objectives, historical perspective, algorithm design, and relationship to other Earth Observing System (EOS) instruments as well as important field experiments required for validation of the CERES results. The overview is designed for readers familiar with the Earth Radiation Budget Experiment (ERBE) and the International Satellite Cloud Climatology Project (ISCCP) data. For other readers, additional information on these projects can be found in many references [1] , [2] , [42] , [43] . Given this background, many of the comments in this overview will introduce CERES concepts by comparison to the existing ERBE and ISCCP state-of-the-art global measurements of radiation budget and cloud properties. The overview will not be complete or exhaustive, but rather selective and illustrative. More complete descriptions are found in the CERES Algorithm Theoretical Basis Documents (ATBD's) (http://eospso.gsfc.nasa.gov/atbd/cerestables.html), and they 0196-2892/98$10.00 © 1998 IEEE are referenced where appropriate. The overview as well as the entire set of ATBD's that constitute the CERES design are the product of the entire CERES Science Team and the CERES Data Management Team. We have simply summarized that much larger set of documentation in this document.
Scientific Objectives: The scientific justification for the CERES measurements can be summarized by the following three assertions.
1) Changes in the radiative energy balance of the earthatmosphere system can cause long-term climate changes, including a carbon dioxide induced "global warming." 2) Besides the systematic diurnal and seasonal cycles of solar insolation, changes in cloud properties, including amount, height, and optical thickness, cause the largest changes in the earth's radiative energy balance. 3) Cloud physics is one of the weakest components of current climate models used to predict potential global climate change. The 1990 Intergovernmental Panel on Climate Change (IPCC) assessment of the uncertainty of the prediction of potential future global climate change [25] concluded that "the radiative effects of clouds and related processes continue to be the major source of uncertainty." The United States Global Change Research Program (USGCRP) classified the role of clouds and radiation as its highest scientific priority [7] . There are many excellent summaries of the scientific issues [23] , [26] , [40] , [41] , [55] concerning the role of clouds and radiation in the climate system. These issues naturally lead to a requirement for improved global observations of both radiative fluxes and cloud physical properties. The CERES Science Team, in conjunction with the EOS Investigators Working Group, representing a wide range of scientific disciplines from oceans to land processes to atmosphere, has examined these issues and proposed an observational system with the following objectives.
1) For climate change analysis, provide a continuation of the ERBE record of radiative fluxes at the top-of-the-atmosphere (TOA), using CERES data analyzed with the same algorithms that produced the ERBE data. 2) Double the accuracy of estimates of radiative fluxes at the TOA and earth's surface. 3) Provide the first long-term global estimates of the radiative fluxes within the earth's atmosphere. 4) Provide cloud property estimates that are consistent with the radiative fluxes from surface to TOA. The most recent IPCC assessment of climate change [26] concludes that the remaining uncertainties include "feedbacks associated with clouds" and "systematic collection of longterm instrumental and proxy observations of the climate system variables (e.g., solar output, atmospheric energy balance components, " The long-term CERES measurements target both of these needs.
The CERES ATBD's provide a technical plan for accomplishing these scientific objectives. The ATBD's include detailed specification of data products as well as the algorithms used to produce those products. CERES validation plans are provided in a separate set of documents (http://eospso.gsfc.nasa.gov/validation/valplans.html).
II. HISTORICAL PERSPECTIVE
We will briefly outline the CERES planned capabilities and improvements by comparison to the existing ERBE, ISCCP, and Surface Radiation Budget (SRB) projects. A schematic of radiative fluxes and cloud properties as produced by ERBE, SRB, and ISCCP, as well as those planned for CERES are illustrated in Fig. 1 . Key changes in the CERES retrievals as compared to ERBE and SRB include the following.
1) Scene Identification: a) ERBE measured only TOA fluxes [1] , [2] and used only ERBE broadband radiance data, even for the difficult task of identifying each ERBE field-of-view (FOV) as cloudy or clear [54] . CERES will identify clouds using collocated high-spectral and spatial resolution cloud imager radiance data from the same spacecraft as the CERES broadband radiance data. CERES will use the Visible Infrared Scanner (VIRS) on the Tropical Rainfall Measuring Mission (TRMM), launched in November 1997. VIRS is a slightly advanced instrument similar to Advanced Very High Resolution Radiometer (AVHRR), but which has higher spatial resolution (2 km), adds a 1.6-m channel for improved cloud microphysics and aerosols, and has a deployable solar diffuser plate to monitor long-term instrument gain stability. CERES will use the Moderate Resolution Imaging SpectroRadiometer (MODIS) on EOS morning (EOS-AM1) and evening (EOS-PM1) platforms. MODIS [28] is a major improvement over AVHRR, with spatial resolutions varying from 250 m to 1 km, several additional cloud remote-sensing spectral channels (see Section III-E3 for details), and greatly improved solar spectral channel calibration, including the ability to use the lunar surface as a stability calibration target. b) ERBE only estimated cloud properties as one of four cloud amount classes [54] . CERES will identify clouds by cloud amount, height, optical depth, and cloud particle size and phase. CERES will also classify scenes as single or multilayered. The differences in cloud property identification for ISCCP, ERBE, and CERES are shown at the bottom of Fig. 1 . For example, ERBE had no scene identification for cloud height, optical depth, or cloud particle size.
2) Angular Sampling:
a) ERBE used empirical anisotropic models that were only a function of cloud amount and four surface types [49] . This left significant rms and bias errors in TOA fluxes [50] . CERES will fly a new rotating azimuth plane (RAP) scanner to sample radiation across the entire hemisphere of scattered and emitted broadband radiation. The CERES RAP scanner data will be merged with coincident cloud imager-derived cloud physical and radiative properties to develop a more complete set of models of the radiative anisotropy of shortwave (SW) and longwave (LW) radiation. Greatly improved TOA flux accuracies should be possible [56] .
3) Time Sampling:
a) ERBE used a time-averaging strategy that relied only on the broadband ERBE data and used other data sources only for validation and regional case studies [5] . CERES will use the three-hourly geostationary (GEO) satellite data of ISCCP to aid in time interpolation of TOA fluxes between CERES observation times [58] . Calibration problems with the narrowband ISCCP data (see [29] ) will be eliminated by adjusting the data to agree at the CERES observation times. In this sense, the narrowband data are used to provide a diurnal cycle perturbation to the mean radiation fields.
4) Surface and In-Atmosphere Radiative Fluxes:
a) SRB uses ISCCP-determined cloud properties [38] , [42] , [43] , [53] and calibration to estimate surface fluxes. CERES will provide two types of surface fluxes: 1) a set based on an attempt to directly relate CERES TOA fluxes to surface fluxes (see [8] , [27] , and [32] ) and 2) a set based on the best information on cloud, surface, and atmosphere properties that are used to calculate surface fluxes, while constraining the radiative model solution to agree with CERES TOA flux observations [10] . These calculations are first performed at the CERES field of view scale (20 km at nadir) to minimize problems caused by the nonlinear relationship between cloud physical properties and radiative fluxes. b) Radiative fluxes within the atmosphere will be estimated using the same radiative model solution used to obtain the surface fluxes, and they will initially be provided at 500 hPa (midtroposphere) and 70 hPa (lower stratosphere). Later, radiative flux estimates at 4-12 additional levels in the troposphere are planned, with the number of tropospheric levels dependent on the results of postlaunch validation studies.
III. CERES ALGORITHM SUMMARY

A. Data Flow Diagram
The simplest way to understand the structure of the CERES data analysis algorithms is to examine the CERES data flow diagram shown in Fig. 2 . Circles in the diagram represent algorithm processes that are formally called subsystems. Subsystems are a logical collection of algorithms that together convert input data products into output data products. Boxes represent archival data products. Boxes with arrows entering a circle are input data sources for the subsystem, while boxes with arrows exiting the circles are output data products. Data output from the subsystems fall into the following three major types of archival products.
1) ERBE-like products, which are as identical as possible to the data products produced by ERBE. These products are used for climate monitoring and climate change studies. They extend as consistently as possible the ERBE TOA flux climate record. 2) SURFACE products, which use cloud imager data for scene classification and new CERES-derived angular models to provide TOA fluxes with improved accuracy over those provided by the ERBE-like products. Direct relationships between surface fluxes and TOA fluxes are used where possible to construct SRB estimates that are as independent as possible of radiative transfer model assumptions. These surface flux estimates can be tuned directly to surface radiation measurements, such as those from the international Baseline Surface Radiation Network (BSRN). These products are used for studies of land and ocean surface energy budget as well as climate studies that require higher accuracy TOA fluxes than those provided by the ERBE-like products. 3) ATMOSPHERE products, which use cloud-imagerderived cloud physical properties, National Centers for Environmental Prediction (NCEP) or EOS Data Assimilation Office (DAO) temperature and moisture fields, satellite measured ozone and aerosol data, CERES observed surface radiative properties, and a broadband radiative transfer model to compute estimates of the upward and downward SW and LW radiative fluxes at the surface, selected levels within the atmosphere, and the TOA. By adjusting the most uncertain surface and cloud properties, the calculations are constrained to agree with the CERES TOA-measured fluxes, thereby producing an internally consistent data set of radiative fluxes and cloud properties. These products are designed for studies of energy balance within the atmosphere as well as climate studies that require consistent cloud, TOA, and surface radiation data sets. Data volume is much larger than for the ERBE-like and Surface data products. The data flow diagram and the associated ATBD's are a work in progress. They represent the current understanding of the CERES Science Team and the CERES Data Management Team. The ATBD's are meant to change with time. To manage this evolution, the data products and algorithms will be developed in four releases or versions.
Release 1 (1996) was the initial prototype system. Release 1 was sufficiently complete to allow testing on existing global satellite data from ERBE, AVHRR, and HighResolution Infrared Sounder (HIRS) instruments for October 1986 on NOAA-9. This release provided estimates of the computational resources required to process the CERES data as well as sensitivity studies of initial algorithm performance for global conditions. Release 2 (1997) is the first operational system. It is designed using the experience from Release 1 and used to process the first CERES data following the November 28, 1997, launch of the TRMM.
Release 3 (1998) adds the capability to analyze MODIS radiance data to provide cloud properties. Release 3 will be used to process initial data from the EOS-AM1 platform planned for launch in June 1998 as well as EOS-PM1 planned for launch in December 2000.
Release 4 (2001) is planned for three years after the launch of the EOS-AM1 platform. Release 4 improvements will include new models of the anisotropy of SW and LW radiation using the CERES RAP scanner as well as additional vertical levels of radiative fluxes within the atmosphere. The delay in deriving the new angular models is caused by the need for approximately two years of global observations to obtain sufficient statistical sampling for a complete range of surface and cloud conditions. Note that Release 4 will require a reprocessing of the earlier Release 2 and 3 data to provide a time-consistent climate data set for the CERES observations.
Further detailed descriptions of the CERES data products can be found in the EOS Reference Handbook and in the EOS Data Products Catalog. Both documents can be found at http://eospso.gsfc.nasa.gov. The following sections give a brief summary of the algorithms used in each of the subsystems shown in Fig. 2 .
B. Subsystem 1: Instrument Geolocate and Calibrate Earth Radiances (Level 1b Data Product)
The instrument subsystem converts the raw, level 0 CERES digital count data into geolocated-and calibrated-filtered radi- ances for three spectral channels: total channel (solar reflected and thermal emitted radiation from 0.3-200 m), SW channel (solar reflected radiation from 0.3-5 m), and LW window channel (thermal emitted radiation from 8-12 m) [30] . Details of the conversion, including ground and onboard calibration, can be found in ATBD subsystem 1. The CERES scanners are based on the successful ERBE design, with the following modifications to improve the data. 1) Improved ground and onboard calibration by a factor of two. The accuracy goal is 1% for SW and 0.5% for LW. 2) Angular FOV reduced by a factor of two to about 20 km at nadir for the EOS-AM1 orbit altitude of 700 km. This change is made to increase the frequency of clear sky and single-layer cloud observations as well as to allow better angular resolution in the CERES-derived angular distribution models (ADM's), especially for large viewing zenith angles. 3) Improved electronics to reduce the magnitude of the ERBE offsets. 4) Improved spectral flatness in the broadband SW channel. 5) Replacement of the ERBE LW channel (nonflat spectral response) with an 8-12-m spectral response window. The CERES instruments are designed so that they can easily operate in pairs, as shown in Fig. 3 . In this operation, one of the instruments operates in a fixed azimuth cross-track scan (CTS), which optimizes spatial sampling over the globe. The second instrument (RAP scanner) rotates its azimuth plane scan as it scans in elevation angle, thereby providing angular sampling of the entire hemisphere of radiation. The RAP scanner, when combined with cloud imager classification of cloud and surface types, will be used to provide improvements over the ERBE ADM's (ATBD subsystem 4.5). Each CERES instrument is identical, so either instrument can operate in either the CTS or RAP scan mode. An initial set of six CERES instruments is being built, including deployment on the following 1) TRMM (1 scanner), 35 inclined precessing orbit, launched November 1997; 2) EOS-AM1 (2 scanners 
C. Subsystem 2: ERBE-Like Inversion to Instantaneous TOA Fluxes (Level 2 ERBE-Like Data Product)
The ERBE-like Inversion Subsystem converts filtered CERES radiance measurements to instantaneous radiative flux estimates at the TOA for each CERES FOV. These ERBE-like TOA fluxes then provide the most consistent data product with historical ERBE measurements. The basis for this subsystem is the ERBE Data Management System, which produced TOA fluxes from the ERBE scanning radiometers onboard the Earth Radiation Budget Satellite (ERBS) and NOAA-9 and 10 satellites over a five-year period from November 1984 to February 1990 [1] , [2] . The ERBE Inversion Subsystem [45] is a mature set of algorithms that has been well documented and tested. The strategy for the CERES ERBE-like products is to process the data through the same algorithms as those used by ERBE with only minimal changes, such as those necessary to adapt to the CERES instrument characteristics. These data products are also independent of almost all auxiliary data, such as ISCCP, VIRS, MODIS, four-dimensional (4-D) assimilation fields, etc.
D. Subsystem 3: ERBE-Like Averaging to Monthly TOA (Level 3 ERBE-Like Data Product)
This subsystem temporally interpolates the instantaneous CERES flux estimates to compute ERBE-like averages of TOA radiative parameters. CERES observations of SW and LW flux are time averaged using a data interpolation method similar to that employed by the ERBE Data Management System. The averaging process accounts for the solar zenith angle dependence of albedo during daylight hours as well as the systematic diurnal cycles of LW radiation over land surfaces [5] . The averaging algorithms produce daily, monthlyhourly, and monthly means of TOA SW and LW flux on regional, zonal, and global spatial scales. Separate calculations are performed for clear sky and total sky fluxes.
E. Subsystem 4: Overview of Cloud Retrieval and Radiative Flux Inversion (Level 2 Surface and Atmosphere Data Product)
One of the major advances of the CERES radiation budget analysis over ERBE is the ability to use time-and spacematched high-spectral and spatial resolution cloud imager data to determine cloud and surface properties within the relatively large CERES FOV (20-km diameter for EOS-AM1 and EOS-PM1, 10-km diameter for TRMM). For the first launch of the CERES broadband radiometer on TRMM in 1997, CERES uses the VIRS cloud imager as input. For the next launches on EOS-AM1 (1998) and EOS-PM1 (2000), CERES will use the MODIS cloud imager data as input. This subsystem matches imager-derived cloud properties with each CERES FOV and then uses either ERBE ADM's (Releases 1-3) or improved CERES ADM's (Release 4) to derive TOA flux estimates for each CERES FOV. Until new CERES ADM's are available three years after launch, the primary advance over the ERBE TOA flux method will be to greatly increase the accuracy of the clear sky fluxes. The limitations of ERBE clear sky determination as a result of the 40-km spatial resolution and the lack of collocated imager data cause the largest uncertainty in current estimates of cloud radiative forcing. In Release 4, using new ADM's, both rms and bias TOA flux errors for all scenes are expected to be a factor of three-four smaller than those for the ERBE-like analysis.
In addition to improved TOA fluxes, this subsystem also provides the CERES FOV matched cloud properties used by subsystem 5 to calculate radiative fluxes at the surface and within the atmosphere that are consistent with the TOA fluxes for each CERES FOV. Finally, this subsystem also provides estimates of surface fluxes using direct TOA-tosurface parameterizations. Because of its complexity, this subsystem has been further decomposed into six additional subsystems.
1) Imager Clear Sky Determination and Cloud Detection:
This subsystem is an extension of the ISCCP time-history approach with several key improvements, including the use of the following: a) multispectral clear/cloud tests (see [21] ); b) improved spatial and spectral resolution clear sky background maps; c) improved calibration for VIRS and especially MODIS; and d) improved navigation (approximately 3 km for TRMM and 1 km for EOS-AM1). 2) Imager Cloud Height Determination: For ISCCP, this step is part of the cloud property determination. CERES separates this step and allows the use of the following three independent techniques to search for well-defined cloud layers: a) comparisons of multispectral histogram analyses to theoretical calculations [36] ; b) spatial coherence [14] ; and c) infrared sounder radiance ratioing (15-m band channels) [4] , [34] (available for MODIS only). While the analysis of multilevel clouds is at an early development stage, it is considered a critical area and will be examined even in Release 2 of the CERES algorithms. The need for identification of multilayer clouds arises from the sensitivity of surface downward LW flux to low-level clouds and cloud overlap assumptions. Release 2 will only attempt to classify which imager pixels contain overlapping clouds. Later releases will examine the potential to derive multiple cloud layers. There are two promising techniques for deriving multiple cloud layers from satellite: a combination of infrared sounder data for high optically thin cloud and imager data for an underlying low thick cloud, as shown in Baum et al. [4] , and a combination of imager data for high thick ice cloud and passive microwave for an underlying low thick water cloud over the ocean, as shown in Lin et al. [33] .
3) Cloud Optical Property Retrieval: For ISCCP, this step involves the determination of a cloud optical depth using visible channel reflectance. An infrared emittance is derived using this visible optical depth along with an assumption of cloud microphysics (10-m water spheres for warm clouds and ice polycrystals for cold clouds). Finally, during daytime, ISCCP uses the cloud infrared emittance estimate to correct the cloud radiating temperature for nonblack clouds. The CERES analysis extends these properties to include cloud particle size and phase estimation by using additional spectral channels at 1.6 and 3.7 m (TRMM, MODIS) or 1.6 and 2.1 m (MODIS) during the day [28] , [35] and 3.7 and 8.5 m (TRMM, MODIS) at night. In addition, the use of infrared sounder channels in subsystem 4.2 allows correction for the presence of nonblack cirrus cloud for both daytime and nighttime conditions [4] , [34] . The CERES cloud property analysis scheme illustrated in Fig. 4 shows a schematic drawing showing the cloud imager pixel data overlaid with a geographic mask of surface type and elevation, the cloud mask from subsystem 4.1, the cloud height and overlap conditions specified in subsystem 4.2, and the column of cloud properties for each imager pixel in the analysis region.
4) Convolution of Imager Cloud Properties with CERES Footprint Point Spread Function:
For each CERES FOV, the CERES point spread function is roughly Gaussian in shape (top of Fig. 5 ) and is used to weight the individual cloud imager footprint data to provide cloud properties matched in space and time to the CERES broadband radiance measurements [37] . The 20-km CERES FOV size at nadir is the distance between the 50% response points in the response function. The point spread response function is a spatial domain analog of a spectral response function for a narrowband cloud imager spectral channel. Because cloud radiative properties are nonlinearly related to cloud optical depth, a frequency distribution of cloud optical depth is kept for each cloud height category in a CERES FOV.
5) CERES Inversion to Instantaneous TOA Fluxes:
The cloud properties determined for each CERES FOV are used to select an ADM class to convert measured broadband radiance into an estimate of TOA radiative flux. In Releases 1-3, the ERBE ADM classes will be used. After several years of CERES RAP scanner data have been obtained, new ADM's will be developed as a function of cloud amount, cloud height, cloud optical depth, and cloud particle phase and size. An important characteristic of these empirical ADM's is that they do not rely on plane-parallel radiative transfer theory and can, therefore, include the effect of three-dimensional (3-D) cloud structure. For clear sky conditions, a range of clear sky land ADM classes will be made based on the 17 International Geosphere-Biosphere Program (IGBP) land cover classes. Several ocean ADM's will be made based on surface wind speed.
6) Empirical Estimates of Surface Shortwave and Longwave Radiative Fluxes Based on CERES TOA Flux Measurements:
This subsystem uses parameterizations to directly relate the CERES TOA fluxes to surface fluxes. There are three primary advantages to using parameterizations, as follows: 1) can be directly verified against surface measurements; 2) maximizes the use of the CERES calibrated TOA fluxes; and 3) computationally simple and efficient. There are two primary disadvantages to this approach, as follows:
1) difficult to obtain sufficient surface data to verify direct parameterizations under all cloud, surface, and atmosphere conditions; and 2) may not be able to estimate all individual upward and downward surface fluxes with sufficient accuracy, especially downward LW flux at the surface under cloudy sky conditions. For Release 2, we have identified parameterizations to derive surface net SW radiation [8] , [32] , clear sky downward LW flux [27] , and total sky downward LW flux [19] , [20] . Recent studies [9] , [39] have questioned the applicability of the [32] surface SW flux algorithm, but this algorithm will be used in Release 2, pending the results of further validation.
The combined importance and difficulty of deriving surface radiative fluxes has led CERES to a twofold approach. The results using the parameterizations given in subsystem 4.6 are saved in the CERES Surface Product. A separate approach using the imager cloud properties, radiative transfer models, and TOA fluxes is summarized in subsystem 5.0, and these surface fluxes are saved in the CERES Atmosphere Products. Both of the approaches in subsystems 5.0 and 4.6 use radiative modeling to varying degrees. The difference is that the radiative models in the Surface Product are used to derive the form of a simplified parameterization between satellite observations and surface radiative fluxes. The satellite observations are primarily CERES TOA fluxes, but they include selected auxiliary observations, such as column water vapor amount. These simplified surface flux parameterizations are then tested against surface radiative flux observations. If necessary, the coefficients of the parameterizations are adjusted to obtain the optimal consistency with the surface observations.
Ultimately, the goal is to improve the radiative modeling and physical understanding to the point where they are more accurate than the simple parameterizations used in the Surface Product. In the near-term, validation against surface observations of both methods in subsystems 4.6 and 5.0 will be used to determine the most accurate approach. If the simplified surface flux parameterizations prove more accurate, the surface fluxes derived in subsystem 4.6 will also be used as a constraint on the calculations of in-atmosphere fluxes derived in subsystem 5.0. This would be a weaker constraint than TOA fluxes, given the larger expected errors for the surface flux estimates.
F. Subsystem 5: Compute Surface and Atmospheric Fluxes (Level 2 ATMOSPHERE Data Product)
This subsystem is commonly known as Surface and Atmospheric Radiation Budget (SARB) and uses an alternate approach to obtain surface radiative fluxes as well as obtaining estimates of radiative fluxes at predefined levels within the atmosphere. All SARB fluxes include SW and LW fluxes for both up and down components of the flux at all defined output levels from the surface to the TOA. For Release 2 (shown in Fig. 1 ), output levels are the surface, 500 hPa, 70 hPa, and TOA. The major steps in the SARB algorithm for each CERES FOV include the following: 1) input surface data (albedo, emissivity); 2) input meteorological data (T, q, O , aerosol); 3) input imager cloud properties matched to CERES FOV's; 4) use radiative model to calculate radiative fluxes from observed properties; 5) adjust surface and atmospheric parameters (e.g., cloud or precipitable water) to get consistency with CERES observed TOA SW and LW fluxes; constrain parameters to achieve consistency with subsystem 4.6 surface flux estimates if validation studies show these surface fluxes to be more accurate than radiative model computations of surface fluxes; and 6) save final flux calculations, initial TOA discrepancies, and surface/atmosphere property adjustments along with original surface and cloud properties. While global TOA fluxes have been estimated from satellites for more than 20 years, credible, global estimates for surface and in-atmosphere fluxes have only been produced globally in the last few years [11] , [15] , [20] , [32] , [38] , [48] , [57] . Key outstanding issues for SARB calculations include the following: 1) cloud layer overlap, which primarily affects the surface and atmosphere LW fluxes [12] ; 2) effect of cloud inhomogeneity [3] , [6] ; 3) 3-D cloud effects [24] , [44] ; 4) potential enhanced cloud absorption [9] , [39] , [46] ; and 5) land surface bidirectional reflection functions, emissivity, and surface skin temperature. For Release 2, SARB will use plane-parallel radiative model calculations and will treat cloud inhomogeneity by performing separate radiative computations for up to two nonoverlapped cloud layers in each CERES FOV. The average CERES FOV optical depth for each cloud layer is defined by averaging the logarithm of imager pixel optical depth values, each weighted by the CERES point spread function. The logarithmic averaging of optical depth uses the assumption that albedo varies more linearly with the logarithm of optical depth [42] . This reduces the uniform plane parallel bias noted by Barker et al. [3] and Cahalan et al. [6] .
For Release 2, adjustment of the calculated fluxes to consistency with the CERES instantaneous TOA fluxes can be thought of as providing an "equivalent plane-parallel" cloud. For example, consider a fair weather cumulus field over Brazil viewed from the CERES and MODIS instruments. Because the CERES ADM's are developed as empirical models that are a function of cloud amount, cloud height, and cloud optical depth, the CERES radiative flux estimates can implicitly include 3-D cloud effects for broken boundary layer cumulus and, in principle, can produce unbiased TOA flux estimates. Note that this would not be true if CERES had inverted radiance to flux using plane-parallel theoretical models. The cloud optical depth derived from MODIS data, however, has been derived using a plane-parallel retrieval. If this imager cloud optical depth is in error because of 3-D cloud effects, the calculated SARB TOA SW flux will be in error and the cloud optical depth will be adjusted to compensate, thereby achieving a plane-parallel cloud optical depth that gives the same reflected flux as the 3-D cloud. In an analogous fashion for the LW fluxes, cloud amount might require adjustment to remove 3-D cloud artifacts. In all cases, cloud property changes are applied consistently to calculations of both SW and LW fluxes.
Tests against measured surface fluxes will be required to verify if these adjustments to the model TOA fluxes and cloud properties can consistently and accurately reproduce the surface fluxes. These comparisons have begun using the ARM Oklahoma Intensive Observing Periods (IOP's) in a joint CERES/ARM/GEWEX effort called CAGEX [10] . The CAGEX results and data sets can be accessed on the web using http://snowdog.larc.nasa.gov:8081/cagex.html. The data products from the SARB calculations will include both the magnitude of the required surface and cloud property adjustments as well as the initial and final differences between calculated and TOA measured fluxes. An example calculation of LW fluxes and LW atmospheric heating rate both before and after adjustment to match TOA observations using the ERBE data is illustrated in Fig. 6 for a clear sky ocean case. FL refers to the radiative transfer model of Fu and Liou [17] , [18] and is the baseline radiative transfer model used for CERES SW and LW radiative calculations. HCW is a comparison radiative model calculation using Harshvardhan et al. [16] and Wang et al. [51] for LW fluxes and Chou [13] for SW fluxes. In the clear sky ocean case shown in Fig. 6 , differences in the radiative models are larger than the adjustments required to match the ERBE TOA fluxes. For Releases 1 and 2, this approach is tested using AVHRR and HIRS data to derive cloud properties and ERBE TOA flux data to constrain the calculations at the TOA.
G. Subsystem 6: Grid Single Satellite Fluxes and Clouds and Compute Spatial Averages (Level 3 ATMOSPHERE Data Product)
The next step in the processing of the CERES Atmosphere Data Products is to grid the instantaneous CERES FOV data output from subsystem 5.0 into the EOS standard 1 equal angle grid boxes. Note that all CERES level 2 (FOV) data products are stored in 1-h orbit segments along the satellite ground track. This method was chosen to simplify later subsetting of the data, to reduce data volumes, and to simplify sorting for later time interpolation of multiple satellite data products. The 1 equal angle grid was chosen by EOS to simplify comparisons to global land, ocean, and atmosphere models. At high latitudes, where the distance between longitudinal steps becomes smaller, CERES will increase the longitude steps by factors of two to maintain consistent accuracy in the gridding process. Cloud properties and TOA fluxes from subsystem 4 and the additional surface and atmospheric radiative fluxes added in subsystem 5 are weighted by their respective area coverage in each grid box.
While spatial averaging of surface, atmosphere, and TOA radiative fluxes is relatively straightforward, spatial averaging of cloud properties is not so straightforward. The issue is most obvious when we consider the following thought experiment. We compare monthly average 1 gridded LW TOA fluxes in the tropical Pacific Ocean for June of two years, one that was during an ENSO (El Niño/Southern Oscillation) event and one that was not. We find a large change in TOA LW flux and want to know what change in cloud properties caused the change: cloud amount, cloud height, or cloud optical depth? Because cloud properties are nonlinearly related to radiative fluxes, and if we have simply averaged over all of those nonlinear relationships, we cannot guarantee that the question has an unambiguous answer. For example, consider that for TOA LW flux, changes in cloud amount or optical depth of a high Curve A shows the tuned LW heating rate profile (degrees/day). Curve B shows the difference between tuned and untuned heating rates. Curve C shows the difference between the calculations of two different radiative transfer models.
altitude cloud have a large effect on LW flux. For low clouds, they have almost no effect. Cloud height changes of either low or high clouds will have a roughly similar effect. If we had instead considered a change in surface downward LW flux, the low clouds would dominate and the high clouds would have little effect. These are exactly the type of changes we need to examine and understand to address issues of cloud/climate feedback. If we carry this analogy further, we can see that it is important to consider the impact of cloud changes on at least five basic parameters, as follows: 1) LW upward TOA flux; 2) LW downward surface flux; 3) SW upward TOA or downward surface flux (expected to be roughly linearly related); 4) liquid water volume; and 5) ice water volume. The first three of these parameters are critical to cloud radiative forcing issues, and the last two are critical to cloud dynamical modeling. We could also add in-atmosphere LW and SW net fluxes, but the five above are a good start. While the CERES team has not yet resolved the optimal way to average cloud properties, it has included in the data structures the capability to experiment using the early postlaunch data with various formulations. Global circulation model simulations will also be very useful in understanding the optimal methods to composite cloud properties.
H. Subsystem 7: Time Interpolation and Synoptic Flux Computation for Single and Multiple Satellites (Level 3 ATMOSPHERE Data Product)
Starting in January 1998, CERES will have one precessing satellite (TRMM) sampling each location on the earth twice per day from roughly 40 S to 40 N. In June 1998, the EOS-AM1 platform with a 10:30 a.m. sun-synchronous orbit will increase diurnal sampling to four times per day for most of the earth. In 2000, the EOS-PM1 satellite with a 1:30 p.m. sun-synchronous orbit will be launched. If TRMM is still functioning, or when a TRMM follow-on is launched, CERES will then have its design goal of six samples per day. Simulation studies using hourly GOES data indicate that the ERBE time-space averaging algorithm gives regional monthly mean time sampling errors (1 ), which are approximately as follows: 1) 9 W-m for TRMM alone; 2) 4 W-m for TRMM plus EOS-AM1; and 3) 2 W-m for TRMM plus EOS-AM1 plus EOS-PM1. Since satellites can fail prematurely, it is useful to provide a strategy to reduce time sampling errors, especially for the single satellite case.
The CERES strategy is to incorporate three-hourly GEO radiance data to provide a correction for diurnal cycles that are insufficiently sampled by the CERES samples from EOS-AM1, EOS-PM1, and TRMM. The key to this strategy is to use the GEO data to supplement the shape of the diurnal cycle, but then use the CERES observations as the absolute reference to anchor the more poorly-calibrated GEO data (Fig. 7) . One advantage of this method is that it produces three-hourly synoptic radiation fields, both for use in global model testing and for improved examination of diurnal cycles of clouds and radiation. The output of subsystem 7 is a 1 gridded estimate of cloud properties and surface, atmosphere, and TOA fluxes at each three-hourly synoptic time. These estimates are also used later in subsystem 8 to aid in the production of monthly average cloud and radiation data.
The process for synoptic processing involves the following steps.
1) For each 1 region, temporally sort the CERES TRMM, EOS-AM1, and EOS-PM1 gridded cloud and radiation data produced by subsystem 6. 2) For each 1 region, temporally sort the three-hourly near-synoptic GEO data. 3) Interpolate cloud properties from the CERES times of observation to the synoptic times. 4) Use the cloud properties to select an ADM scene class, convert the narrowband GOES radiance to broadband (using regional correlations to CERES broadband observations), and then convert the broadband radiance to broadband TOA flux (using the CERES broadband ADM's). 5) Use the diurnal shape of the radiation fields derived from GEO data, but adjust this shape to match the CERES times of observations to account for calibration errors in the GEO data. 6) Use the time-interpolated cloud properties to calculate radiative flux profiles, as in subsystem 5, using the synoptic TOA flux estimates as a constraint. The system described above could also use the ISCCP GEO cloud properties. The disadvantage of this approach is that it incorporates cloud properties that are systematically different and less accurate than those from the cloud imagers flying with CERES. The ISCCP cloud properties are limited by GEO spatial resolution, spectral channels, and calibration accuracy. In this sense, it would be necessary to "calibrate" the ISCCP cloud properties against the TRMM and EOS cloud properties. We are currently performing sensitivity studies on the utility of the ISCCP cloud properties for this purpose.
I. Subsystem 8: Monthly Regional, Zonal, and Global Radiation Fluxes and Cloud Properties (ATMOSPHERE Data Product)
This subsystem uses the CERES instantaneous radiative flux and cloud data (TRMM, EOS-AM1, EOS-PM1 observation times) as well as the synoptic radiative flux and cloud data (subsystem 7) and time averages to produce monthly averages at regional, zonal, and global spatial scales. Initial simulations using both one-and three-hourly data have shown that simple averaging of the three-hourly results is adequate for calculating monthly average LW fluxes. SW flux averaging, however, is more problematic. The magnitude of the solar flux diurnal cycle is ten to 100 times larger than that for the LW flux.
For SW flux time averaging, a key issue is to avoid biases caused by the systematic increase of albedo with solar zenith angle between times of observation as well as between sunset and sunrise and the first daytime observation. The CERES SW flux time averaging procedure [22] starts from the three-hourly synoptic data, and then time interpolates to a finer resolution time grid using methods analogous to ERBE [5] for other hours of the day with significant solar illumination. Validation of these time interpolation techniques for SW radiation at the surface are being carried out using surface measurements of solar insolation, such as those provided by the ARM or BSRN sites [22] .
J. Subsystem 9: Grid TOA and Surface Fluxes for Instantaneous Surface Product (Level 3 SURFACE Data Product)
This subsystem is essentially the same process as in subsystem 6. The major difference is that instead of gridding data to be used in the Atmosphere Data Products (subsystems 5-8), this subsystem spatially grids the data to be used in the Surface Data Products (subsystems 9 and 10). The spatial grid is the same: 1 equal angle. See the data flow diagram (Fig. 2) and the discussion in Section III-E6 and III-F for a summary of the difference between the Atmosphere and Surface Data Products.
K. Subsystem 10: Monthly Regional TOA and Surface Radiation Budget (SURFACE Data Product)
The time averaging for the Surface Data Product is produced by two methods. The first method is the same as the ERBE method that produces the ERBE-like product in subsystem 3 with the following exceptions: 1) improved CERES ADM's for the scene-dependent solar zenith angle dependence of albedo; 2) improved CERES ADM's for the scene-dependent solar zenith angle dependence of albedo; 3) improved cloud imager scene identification (subsystem 4) and improved CERES ADM's to provide more accurate instantaneous TOA fluxes. Simulation studies indicate that for this method the monthly averaged fluxes will be a factor of two-three more accurate than the ERBE-like fluxes.
The second method incorporates GEO radiances similar to the process outlined for synoptic products in subsystem 7. We include this method to minimize problems during the initial flight with TRMM when we have only one spacecraft with two samples per day. As the number of satellites increases to three, the GEO data will have little impact on the results. Because one of the major rationales for the Surface Data Products is to keep surface flux estimates as closely tied to the CERES direct observations as possible, this subsystem will not calculate inatmosphere fluxes and will derive its estimates of the surface fluxes using the parameterizations discussed in subsystem 4.6. This level 3 Surface Data Product will also have a much smaller data volume than the Atmosphere Data Product.
L. Subsystem 11: Grid GEO Narrowband Radiances
CERES will use three-hourly GEO radiance data to assist diurnal modeling of TOA fluxes and minimize temporal interpolation errors in CERES monthly mean TOA flux products. This subsystem is essentially the same process as in subsystem 6. The major difference is that the process is performed on GEO radiances instead of CERES TOA fluxes. The current input data to the CERES algorithms are one month of threehourly ISCCP B1 GEO data, which contain visible and infrared narrowband radiances from different satellites. At the present time, GEO data are available for four satellites: METEOSAT, GOES-East, GOES-West, and GMS. Negotiations are underway to use either INSAT or the Chinese FY-2 satellite as the fifth GEO satellite for ISCCP. The spatial resolution of the GEO data sets is approximately 4-10 km. These data are gridded and spatially averaged into CERES 1 equal angle grid boxes using functions described in subsystem 6. The outputs consist of statistics (e.g., mean) of the visible and infrared narrowband radiances for each of the CERES 1 grid boxes and each of the three-hourly synoptic times. This data product represents a major input source for both subsystems 7 and 10.
M. Subsystem 12: Regrid Humidity and Temperature Fields
This subsystem interpolates temperature, water vapor, ozone, aerosols, and passive microwave column water vapor obtained from diverse sources to the spatial and temporal resolution required by various CERES subsystems. Most of the inputs come from EOS Data Assimilation Office (DAO) or NOAA NCEP 4-D analysis products, although the subsystem accepts input from many different sources on many different grids. The outputs consist of the same meteorological fields as the inputs, but at a uniform spatial and temporal resolution necessary to meet the requirements of the other CERES processing subsystems. Interpolation methods vary, depending on the nature of the field. For Release 2, CERES is planning to use the DAO analysis products. One of the key issues for use of analysis products in a climate data set is the "freezing" of the analysis product algorithms during the climate record. DAO has agreed to provide a consistent analysis method for CERES.
IV. RELATIONSHIPS TO OTHER EOS INSTRUMENTS AND NON-EOS FIELD EXPERIMENTS: ALGORITHM VALIDATION AND INTERDISCIPLINARY STUDIES
While the direct ties to VIRS on TRMM and MODIS on EOS have been obvious throughout this overview, there are indirect ties between the CERES data products and many of the EOS instruments. Furthermore, there is an opportunity to substantially increase the ability to detect cloud overlap by using the passive microwave retrievals of cloud liquid water path from the TRMM Microwave Imager (TMI) as well as the Advanced Microwave Scanning Radiometer (AMSR) instrument on EOS-PM1 (2001). METOP (2001) is the morning sun-synchronous European meteorological satellite that may provide passive microwave data in the same orbit as the EOS-AM1 platform. This constellation of instruments would allow a three-satellite system with CERES/cloud imager/passive microwave instruments on each spacecraft. This suite provides both adequate diurnal coverage as well as a greatly increased ability to detect the presence of multilayer clouds, even beneath a thick cirrus shield. Passive microwave liquid water path retrievals will be tested using TRMM data for multilayer clouds over the ocean and may be included for Release 4.
The Multi-angle Imaging SpectroRadiometer (MISR) and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) onboard the EOS-AM1 platform will provide key validation data for the CERES experiment. MISR can view 300-km wide targets on the earth nearly simultaneously (within 10 min) from nine viewing zenith angles using nine separate charge-coupled device (CCD) array cameras. This capability provides independent verification of CERES SW bidirectional reflectance models as well as stereo cloud height observations. For radiative fluxes, MISR has better angular sampling than CERES, but at the price of poorer time and spectral information (narrowband instead of broadband). The Polarization of Directionality of Earth's Reflectances (POLDER) instrument launched on the Advanced Earth Observing System (ADEOS-1) platform in 1996 and on ADEOS-2 in 2000 will also allow tests of CERES anisotropic models using narrowband models. ASTER on the EOS-AM1 platform will provide Landsat-like very high spatial resolution data to test the effect of MODIS and VIRS coarser resolution data (i.e., beam filling problems) on the derivation of cloud properties.
In September 1994, the Lidar In-Space Technology Experiment (LITE) provided the first high-quality global lidar observations of cloud height from space. These data will be a key source for determining the spatial scale of cloud height variations around the globe. Unfortunately, the limited duty cycle of lidar data collection during the two-week space shuttle mission resulted in only a few coincidences with GOES, SSM/I, or NOAA polar orbiting spacecraft. Nevertheless, the limited data available showed that unlike aircraft-or surfacebased lidar, the space-based lidar could penetrate to the top of boundary layer cloud or to the surface of the earth at least 80% of the time [59] ; due to additional forward scattered photons that remain within the relatively large space-based lidar field of view of 300 m.
Given the relative importance of multilayered cloud to calculations of LW surface and atmospheric radiative fluxes, clearly a space-based cloud lidar and/or radar mission is essential in the future. Recent studies in support of NASA's new Earth System Science Pathfinder (ESSP) program indicate that the ideal combination to resolve all multilayered cloud is a lidar for optically thin and physically thin cloud layers, combined with a cloud radar (3-or 8-mm wavelength) for optically and physically thick cloud layers. Space-based cloud lidar can resolve thin clouds to 50-m vertical resolution, while cloud radar has a vertical resolution of about 500 m. At the same time, a cloud radar will be able to observe optically thick layers (visible optical thickness greater than about ten), which will attenuate the lidar signal. A combined lidar/radar mission that synchronized its orbit with the EOS-AM1 or EOS-PM1 would be ideal for global validation of CERES and EOS cloud properties, including the difficult polar cloud cases. Spaceborne cloud radar has been endorsed as a high priority mission by the [Global Energy and Water Cycle Experiment (GEWEX)] of the World Climate Research Program. The Geoscience Laser Altimetry System (GLAS), scheduled for launch in 2002, is planned to include cloud lidar capability, but the orbit optimization required for its primary mission (i.e., measuring ice sheet volume) is not optimal for validation of EOS cloud properties. As currently planned, GLAS will obtain about 1% of its data (approximately 10% of one month each year) nearly simultaneous ( 6 min) with EOS-AM1 or EOS-PM1, depending on the final selected orbit altitude.
Established surface sites (e.g., ARM, BSRN, and SURFMAP) will provide one of the most critical sources of validation for CERES surface radiative fluxes and cloud properties. The ARM sites in Oklahoma, the tropical western Pacific Ocean, and the north slope of Alaska will provide the most critical long-term time series of validation data. These sites will include measurements of SW and LW surface fluxes, cloud base height from lidar, multiple cloud layers from cloud radar, passive microwave-derived liquid water path, and newly developing estimates of the vertical profiles of cloud microphysics in both water and ice cloud layers. The newly developing ARM vertical profiles of cloud microphysics and cloud boundaries will be critical for validation of satellitederived cloud properties. Because thousands of cases are needed to provide stable error statistics as a function of cloud type and satellite viewing condition, CERES is proposing a bootstrapped approach to satellite cloud property validation. First, in situ aircraft microphysical data are used to validate the ARM site vertical cloud profiling capabilities based on combining cloud lidar, radar, and passive radiometer data. Then in turn, the ARM time series of cloud properties is used to validate all satellite overpasses of the ARM sites over a period of several years. The resulting large number of validation cases are used to gather robust statistics on the accuracy of cloud remote sensing as a function of cloud type and satellite viewing condition (e.g., day, night, nadir view, and large viewing zenith angles). For surface fluxes, the BSRN sites will provide additional sites for carefully calibrated and maintained SW and LW surface fluxes. The major limitation of the ARM sites will be the lack of observations in other important climatic regimes, such as desert, midlatitude ocean, tropical land, subtropical ocean, and heavily vegetated midlatitude land. The major limitation of the BSRN sites is the lack of quantitative cloud data. To mitigate some of this difficulty, CERES will be placing micropulse lidar systems for cloud base measurements at BSRN sites in Bermuda, Saudi Arabia, and at a tropical land site.
Finally, field experiment campaigns will be necessary to extend the climatological regimes sampled by the ARM and BSRN sites. These campaigns will allow coordination of surface and in situ aircraft measurements of cloud properties and radiative fluxes during overpasses of the EOS spacecraft. CERES science team members are active participants on the FIRE, ARM, and GEWEX experiment teams. CERES will rely on these national and international programs to provide critical validation data. It is expected that the accuracy of CERES validation efforts will systematically improve as additional surface/satellite and field experiment/satellite coincidences are obtained. A large number of such coincidences will be required to validate the wide range of cloud and climate conditions within the global climate system. Validation plan drafts have been prepared for each of the CERES data products and were reviewed in Spring 1997. The plans are currently available on the same World Wide Web site as the CERES ATBD's.
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